Prunus avium, breeding, genetic diversity, germplasm ABSTRACT. Inbreeding and coancestry coefficients were calculated for 66 sweet cherry (Prunus avium L.) selections released from four breeding programs in North America (HRIO, Vineland, Ont., IAREC, Prosser, Wash., NYSAES, Geneva, N.Y., and PARC, Summerland, B.C.). Highly used founding clones were ʻBlack Heartʼ, ʻEmperor Francisʼ, ʻEmpress Eugenieʼ, ʻNapoleonʼ and ʻWindsorʼ. Coeffi cients of coancestry between all selections and these clones averaged 0.038, 0.045, 0.060, 0.091, and 0.033, respectively. In these fi ve founding clones, coeffi cients of coancestry in self-compatible selections were over twice as much as those in self-incompatible selections except ʻWindsorʼ. In the analysis of coeffi cients of coancestry between self-incompatible and self-compatible sweet cherry, almost 20% of self-incompatible selections represent more than a half-sib relationship (0.125) to self-compatibles. Increasing and maintaining genetic diversity is needed in sweet cherry breeding program in North America for continued breeding progress.
In North America, cherry was introduced as seeds by early settlers in the northeastern United States and was later brought into the Midwest and Pacifi c West Coast (Hedrick, 1915) . Sweet cherry (Prunus avium L.) improvement was initiated in North America by the Lewelling family in Oregon (Brown et al., 1996) . ʻLam-bertʼ and ʻBingʼ were fi rst selected from the seed of ʻNapoleonʼ in about 1848 and ʻRepublicanʼ in 1875, respectively (Hedrick, 1915) . Early institutional sweet cherry breeding programs began at the New York State Agricultural Experiment Station, Geneva, in 1911; Horticultural Research Institute of Ontario, Vineland Station, Ont., Canada, in 1915; and Agriculture Agri-Food Canada, Summerland, B.C., in 1936 (Kappel and Lay, 1997; Wellington and Lamb, 1950) .
Although most sweet cherries are self-incompatible and outbreeding diploids, inbreeding is increased when parents have common ancestors. The repeated use of a limited number of parents and their progeny as parents may decrease genetic diversity and increase inbreeding depression in future generations. Previous studies using molecular marker analysis showed a low degree of genetic diversity in sweet cherry cultivars (Gerlach and Stosser, 1998; Shimada et al., 1999; Zhou et al., 2002) .
Although different regions have different breeding objectives, sweet cherry breeding in North America has recently mainly focused on self-compatibility, tolerance to rain-induced cracking, fruit size, fruit fi rmness, and disease resistance. The fi rst selfcompatible sweet cherry seedlings were produced by a cross that was a result of ʻEmperor Francisʼ seed donor and X-irradiation of ʻNapoleonʼ pollen (Lewis and Crowe, 1954) at the John Innes Institute in the United Kingdom. After that, the fi rst commercial self-compatible sweet cherry, ʻStellaʼ(ʻLambertʼ X ʻJI 2420ʼ ), was introduced from the Pacifi c Agri-Food Research Centre (PARC), Summerland, B.C. (Lapins, 1970) . All self-compatible selections released have been derived from ʻStellaʼ. The data presented describes the level of inbreeding, coancestry and genetic contribution of founding clones among sweet cherry selections in y 2N-38-22 = ʻVanʼ x ʻStellaʼ; 2N-60-07 = ʻBingʼ x ʻStellaʼ; 2S-28-30 = ʻVanʼ x ʻStellaʼ; ʻBingʼ = ʻBlack Republicanʼ x x Unknown; JI2420 = ʻEmperor Francisʼ x ʻNapoleonʼ (mutated pollen); ʻLambertʼ = ʻNapoleonʼ x ʻBlack Heartʼ.
x Black Republican was assumed to be the result of ʻNapoleonʼ x ʻBlack Tartarianʼ (Hedrick, 1915) . 
North American breeding programs as previous studies in other fruit species (Byrne, 1989; Hancock and Siefker, 1982; Lansari et al., 1994; Noiton and Alspach, 1996; Scorza et al., 1985) .
Materials and Methods
Pedigrees of 66 sweet cherry cultivars and breeding selections released from four breeding programs (15 from HRIO, Vineland, Ont., 12 from IAREC, Prosser, Wash., 11 from NYSAES, Geneva, N.Y., and 28 from PARC, Summerland, B.C.) in North America were collected from breeding records, published sources (Bargioni, 1996; Olmo, 1972, 1997; Hedrick, 1915; Kappel and Lay, 1997) , and via direct communication (R.L. Andersen and G. Lang, personal communication) (Table 1) . ʻBlack Republicanʼ was considered the result of ʻNapoleonʼ by ʻBlack Tartarianʼ in this analysis (Hedrick, 1915) . All parents of unknown origin were assumed to be noninbred and unrelated and also all open pollinations were assumed to be noninbred and unrelated to the pollen parent. These assumptions were based on the self-incompatibility in sweet cherry, may underestimate possible inbreeding and would give lower inbreeding coeffi cients. All 66 selections were classifi ed into two groups by self-compatibility (42 self-incompatible and 24 self-compatible).
As with previous studies (Byrne, 1989; Scorza et al., 1985) , the SAS procedure INBREED (Barr, 1983 ) was used to calculate inbreeding and coancestry coeffi cients. In this analysis, the inbreeding coeffi cient of an individual is the probability that a pair of alleles carried by the gametes that produced it are identical by descent (Falconer and Mackay, 1996) and is equal to the coancestry between its parents (Barr, 1983) . The coancestry coeffi cient of prospective progeny of two individuals is equal to one half the covariance of the parents. Since the inbreeding coeffi cient of an individual is equal to the coancestry coeffi cient of its parents, the coancestry coeffi cient of two selections was calculated as the inbreeding coeffi cient of their prospective progeny (Lansari et al., 1994) .
The inbreeding coeffi cients were calculated for all 66 sweet cherry selections, and the degree of relationship of these 66 selections with the fi ve founding clones, ʻBlack Heartʼ, ʻEmperor Francisʼ, ʻEmpress Eugenieʼ, ʻNapoleonʼ, and ʻWindorʼ was analyzed by calculation of coeffi cients of coancestry. Coeffi cients of coancesty continued next page Table 3 . Coeffi cient of coancestry of self-incompatible sweet cherry selections released from North American breeding programs z . Selection  1 y  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24   1) 2N-60-07  531  ---w  188 156 188  ---94  ------78  31  94  211  141  16  94  ---156  94  70  ------141  78 2) 2N- 61-18  500  63  ------250  ---------------125  63  125  ---125  ---------125  63  250  ---313   3) 2N-63-20  516  55  164  63  63  ------31  ---141 230 195  ---266  ---55  63  129  31  ---133  90   4) Chelan  500  47  ---63  ------63  31  78  23  16  16  78  ---141  63  8  ------16  70   5) Chinook  531  ---281  ---63  141  63  47  211  141  31  47  ---47  156  70  ------141  23   6) Cristalina  500  ---------------125  63  125  ---125  ---------125  63  250  ---188   7) Gil Peck  500  ---125 250 125  63  47  31  63  63  ---63  250  16  ------31  31  8) Hartland 500 500 188  31  23  16  94  31  ---63  125  8  ------16  31 11) NY1725 500 were also calculated among the 42 self-incompatibles, among 24 self-compatibles and among the 66 sweet cherries together.
Results and Discussion
Of the 66 selections analyzed, 15 (5 and 10 from self-incompatible and self-compatible selections, respectively) had an inbreeding coeffi cient other than zero ( Table 2 ). The overall mean inbreeding coeffi cient was 0.146 for all selections and cultivars, where their parentages were known. If we assumed an inbreeding coeffi cient for selections of unknown parentage to be zero (nonrelated with known parentage), the overall mean inbreeding coeffi cients would be lowered (0.033). The mean for self-compatible and self-incompatible selections were 0.148 and 0.144, respectively. These fi gures are high considering that a value of 0.063 would result from fi rst cousin mating of noninbred, nonrelated diploids, 0.125 from half-sib mating, 0.250 from full-sibs, and 0.500 from selfi ng. Compared to other fruit species, the inbreeding level of sweet cherry is not as high as peach (0.26 to 0.35) (Scorza et al., 1985) , but higher than blueberry (0.13) (Hancock and Siefker, 1982) , raspberry (0.12) (Dale et al., 1993) , plum (0.02 to 0.05) (Byrne, 1989) , and apple (0.01 to 0.04) (Noiton and Alspach, 1996) . It can be expected that the inbreeding level of future self-compatible selections will be elevated unless self-compatible genes other than S4ʼ (mutation from ʻNapoleonʼ pollen) are utilized in sweet cherry breeding programs.
Sixty-four selections (out of a total of 66) released from four sweet cherry breeding programs in North America were found to be descended from only fi ve founding clones: ʻBlack Heartʼ, ʻEmperor Francisʼ, ʻEmpress Eugenieʼ, ʻNapoleonʼ, and ʻWind-sorʼ. These results suggest that these fi ve founding clones have formed an exceptionally narrow germplasm base in the North American sweet cherry breeding program. Two cultivars, ʻHud-sonʼ(= ʻOswegoʼ x ʻGiantʼ) and ʻStarʼ (= ʻDeaconʼ x unknown) were not related to these fi ve clones.
ʻBlack Heartʼ, one of the oldest cherries under cultivation, contributed to 9 of the 42 self-incompatible selections and 100% of the self-compatible selections. Along with ʻBlack Heartʼ, ʻEm-peror Francisʼ, and ʻNapoleonʼ have also contributed to all of the self-compatible selections. The extensive use of ʻEmperor Francisʼ and ʻNapoleonʼ can be explained by the original creation of selfcompatibility in sweet cherry. ʻEmperor Francisʼ contributed to 8 of the 42 self-incompatible selections. ʻNapoleonʼ also known as ʻRoyal Annʼ, grown in Europe in the early 18th century, was most frequently found in the pedigree of self-incompatible selections in North America (21 of 42). Although ʻNapoleonʼ has less desirable traits such as susceptibility to brown rot and cracking, it has outstanding breeding material characteristics, including fi rm fl esh, large size, and attractive appearance of the fruit, along with good productivity of the trees (Hedrick, 1915) . This cultivar has been grown largely for processing (Bargioni, 1996) . ʻEmpress Eugenieʼ was found in the development of many cultivars from PARC, Summerland, B.C. However, none of the cultivars directly used ʻEmpress Eugenieʼ as a parent except ʻSparkleʼ and ʻVanʼ. Due to its good fruit characteristics (i.e., fruit size, fi rmness, and fl avor) and tree hardiness (Lapins et al., 1977) , ʻVanʼ (ʻEmpress Eugenieʼ x unknown) was used extensively in North American breeding programs and was an intermediate parent in 80% of the cultivars and selections developed at Summerland, B.C. ʻWindsorʼ was almost exclusively used in the cherry breeding program at HRIO (9 of 15), the region where the cultivar originated (Hedrick, 1915) .
The average coancestry within self-incompatible sweet cherry is 0.045 and mean coeffi cients range from 0.013 to 0.073 (Table  3) . These values were comparable with coancestry of apples in the 50 world main-stream cultivars (average 0.052; range 0.006 to 0.090) and Vf-carrier (average 0.051; range 0.017 to 0.088) groups (Noiton and Alspach, 1996) . Coeffi cients of coancestry among self-compatible selections range from 0.102 to 0.256 (Table 4) , and these values were much higher than coancestry in self-incompatible sweet cherry selections (0.013 to 0.073) or plums (0.069 to 0.080) (Byrne, 1989) and comparable with average coancestry reported for peaches (0.023 to 0.208, 0.034 to 0.330) (Scorza et al., 1985) . In the case of peaches, some cultivars were reported or assumed to be the result of self-pollinations; however, there are no reports that sweet cherry selections were the result of self-pollination. Without any self-pollination, the average coancestry within self-compatible selections is 0.179 and it is considered quite high (0.125 = half-sib relationship). Only one out of 22 self-compatible selections had coeffi cients of coancestry less than a half-sib relationship (0.125). ʻStellaʼ, the fi rst commercial self-compatible cultivar, recorded the highest coeffi cient of coancestry value (0.256), which is greater than a parent-offspring relationship (0.250).
The coeffi cients of coancestry between self-incompatible and self-compatible sweet cherry range from 0 to 0.168 with an overall mean of 0.060 (Table 5 ). In the self-compatible selections, all selections were quite consistently related to self-incompatible selections (0.035 to 0.077). Eight out of 42 self-incompatible selections were more closely related to self-compatible groups (i.e., coancestry >0.125; half-sib relationship). These numbers may be underestimated because we assumed unknown or open pollinated parents were not related with the known parent.
The inbreeding problem and potential genetic limitations have been raised for numerous other fruit species (Lansari et al., 1994; Noiton et al., 1994) . Our results suggest the repeated use of fi ve founding clones and one genetic source for self-compatibility has narrowed the genetic base of sweet cheery breeding in North America. As the gene pool gets narrower and narrower so does the genetic gain. A lack of diverse germplasm may limit long-term progress in sweet cherry breeding programs.
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